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RBSTRACT

“Based upon a study of the transmitting and scattering
characteristics of multilayer dielectric optical wave guides, a
practical computer program is set up for designing a type of
auto-self-protecting optical switch with a coamputer model by
using the nonlinear property of dielectric layers and the
plasma behavior of metal substrates. This technique can be
used to protect the human eye and sensitive detectors from
damage caused by strong laser beams. .. -~ 7~ ~.

1. FOREWORD

‘ .

* As the use of lasers in the military and in the civilian econonmy
increases with each passing day, it is often necessary for the human eye or
sensitive instruments to observe weak lasers, such as the return waves of
laser radar and laser communications signals; but it is also necessary to
provide protection against damage to the eye from the strong lasers of enemy
laser weapons. For this reason, it is necessary to have a kind of automatic
optical self-protecting switchg its principle is as shown in Fig. 1. For weak
lasers, at the angle of observation 50, it is possible to observe signals; in
the case of strong lasers, 8o is the angle of absorption, protecting the eye
or the instrument. The authors present the theory behind a kind of automatic
optical self-protecting switch, and use a computer model to calculate several

possible structural types that can serve as the basis for practical devices.

This kind of switch is a strﬁctute with multiple layers. When a weak’
optical signal (multiple layer structure's reflection wave) is observed from a
given angle, the wave has very little attenuation, and provides normal
observation. When, however, a strong beam is monitored, this observation
angle immediately and automatically becomes the angle of absorption, with a
great attenuation. When the strong beam ceases, the angle again immediately



o

8, AMiRE
(mMMHIN) ¢

Fig. 1. Principle of a kind of automatic optical self-protecting switch.
Key: (1) Optical intensity; (2) Weak signal; (3) Strong signal; {(4) Angle
of olLzervation; (5) Angle of incidence.

reverts to the normal observation angle for weak signals, and continues to
fungtion. The absorption mechanism of the multilayer structure with respect
to the incident light (plane wave) is to couple the incident wave into the
multilayer structure to become a guide wave, causing it to be absorbed during
the transmission process by the damaged layer. The problem of how to make a
TE wave and a TM wave reach a high rate of absorption has been solved by the
authors in another paper [i1]. The authors have also found a design method
which achieves 100% absorption (forthcoming paper). To make a seli-protecting
optical switch, it is necessary to give the two kinds of polarized waves (TE
waves and TM waves) an identical absorption rate and angle of absorption;
furthermore the angle of absorption of the two kinds of waves can perfornm
synchronous shifting according to the incident power. This is the problen
that this paper intends to solve. This kind of automatic‘synchronized
functicn in instruments is achieved by means of two physiéai phenomena: The
non-linear nature of a given dielectric layer and the plasma characteristics

of the metallic substrate.

By the non-linear nature of a dielectric, we mean..that its dielectric
constant € is the function € (E) of the electromagnetic field's strength (E,

in this case). Speaking theoretically, because of changes in a given layer's



& , the transmission constant and the relative speed of the entire

structure's guide wave will vary accordingly; the incident angle during
coupling will change on this basis, and the angle of absorption will undergo a.
shift. Th; difficulty is in maintaining the synchronous shifting of the angle
of absorption of the two polarized waves, because it is commonly said that the
angle of absorption of TE and TM waves differ in accordance with the migration
rate of € (E). This difficulty is solved by means of using the absorption
principle of the TM wave jumping pattern (from a common surface wave TM

pattern to a plasma surface wave TM pattern).

It is known from the plasma electromagnetic field eigenvalue theory that
metals, under optical frequencies, show the characteristics of plasmas, having
a great real negative value dielectric constant ¢ ', and carrying a relatively
small virtval value € ''. For example, under an ¢ptical frequency,

G;é’—jE'w— 16.0—70.8 and so on. From guide wave theory, we can infer
’ thét at the dividing surface between plasma and dielectric there exists a

"

special T¥ surface wave, called a plasma surface pattern (see section 2

ve the

(]

below). It is this kind of peculiar surface wave that we use to so
difficulties of the lack of synchronization between the angles of absorption
of the two kinds of polarized waves as the field strength shifts. It is
possible to discover a structure that under a weak field causes the common
surface wave TE pattern and the common surface wave TM pattern to have an
identical absorption angle and absorption rate; and that, with a strong field,
causes the common surface wave TE pattern and the plasma surface wave TM
pattern to have an identical angle of absorption (naturally, not the same omne
as the absorption angle under a weak field) and absorption rate. This
achieves the synchronous jumping variation of the absorption curve (or

reflection curve) of the two kinds of polarized light.

For the theoretical amalysis in this paper, we use the network method to
solve the eigenvalue problem for nuitiple layer structures, and find the
reflection coefficient. This method is rigotrous, and is suitable for making

design calculations using computers.



2. THEORETICAL ANALYSIS

For the sake of widespread applicability, we do not for the time being
delimit the structure'é number of layers. Assume an n-layer dielectric, with
corresponding dielectric constants of €1, € 2, ..., £ a, and thicknesses of
t1, tz, ..., tn. The base is a substrate with a dielectric constant of € s,
and the top layer is a prismatic region with a dielectric constant of E,.
The gap between it and the € léyer is an empty interval with a dielectric
constant of € « and a thickness of ta. Further, assume a plane optical wave
entering from the prismatic region with an ihcident angle of @, and an

incident wave and a reflection wave respectively of a and b, as shown in

Fig. 2.
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lf‘igT 2. Multilayer dielectric structure: (a) Structural parameters and
incident plane wave; (b) Equivalent network; (c) Simplified eguivalent
network.

For this kind of plane structure, we can consiler respectively the TE
wave and the TM wave. The entire electromagnetic field is an overlay of these
two kinds of polarized waves. We select a coordinate system so that the
incident plane wave does not vary along the y axis, that is, the incident
surface is the xz plane. With this kind of coordinate system, we can express

the electromagnetic field in any layer é: as follows:
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For TE waves: E“'(r ;)-Jt’,(:)ﬁﬂ"(*”ﬁ g};ﬁcmg»%c-ffﬁ ‘Wﬁ'x (1)

H“’(x.z)-—-l.u)@%‘m-m L4 AR RO <2).ﬂ

H®(x, z)—-fA-V,(t)q“f::m. s s . (3)
TR 7.0 o t ‘w . 4&-.“-"\ N Y ‘a 3 r"hlrv '«‘ 7
For TM waves: H:"(x,2)==1;(2)¢f_("“ 4)
E'“(x,z)nV,(z)e"‘:' (5._)_ ]
—k, - thas (e
) = I.(2)e '
EV(x,2) 6 € v( ) » I

In the above formulas, k= k, 61973‘00 1s the x component of the 1nc1dent
wave wave number, that is, the transm1551on constant of the guide wave, the
common quantity for each layer. Vi(z) and I1(Z) are two functions to be set;
their variation pattern can be found by substituting the above two sets of
field quantities in the Maxwell equation set. By means of deduction, we

obtain the ith layer's transverse (z axis) transmission line equation:

C Lvin=cikzle @
A (y=—jKY W T T @

dz . |

In the formulas: '
K=0G€,—kD" [ S

TE wave -+ :
1 _fou/K, TE ¥

TH wave z,- Y, .'/coe.e‘ N IME e A0

Hereby the two-dimensional electromagnetlc field problenm is 51mp11f1ed to a
e-dimensional transmission line problem. Vi{(Z) and Ii({(z) are called
respectively the {(transverse) transmission line voltage and the current; K: 1is
called the (transverse) transmission constant, and 2; and Yi are respectively
called the special impedance and the special admittance. The above
transmission line equations are suitable for the material of any given layer;
the difference is only in the transmission line pérameters K1 ahd‘Z1; these
are determined by the € ; of the layer and the properties ko and Xx of the

incident wave.

The original electromagnetic field problem's boundary condition is that
at the location (z = zi1) of the boundary surface between layer and layer the



actual directional components of the electromagnetic field must be continuocus.

For the TE wave we have:

EW(x,z2)=E{*Y (%,2) an

HO(x,2)=H (5,2, (12)
And for the TM wave we have: o e

Hiptespm By ST e

(14)

Rt ey L " )
E¥(x,2,)=EV*P (2,2 . ¢

Substituting (1)/(2) and (4)/(5) respectively into (11)/(12) and (13)/(14), we

obtain: ¥ _
ViamVigzo: o Ut a®)
¢ (16)

A N

It can be seen that the boundary condition for the field problem has changed
into a connection condition for a transmission line problem. At the
connecting location of the two transmission lines, the voltage and the current
are both continuous. We thus obtain the (transverse) equivalent network of

our multilayer structure, as shown in Fig. 2{b}.

Based on the transmission line theory, if the ith transmission line
section encounters a load Z{!? , its input impedance is:

ZW, ¥ jZ tankK 1,
Z.+jZ23tankK t,

— ——— - =t

=240 - an

W=z,

Repeatedly adducing the impedance transformation formula (17) in an upward
direction, we finally obtain the input impedance Zin at the location of the
layer separation betveen the €, and €. layers, looking downward. We

hereby obtain the simplified equivalent network, as Fig. 2{c) shows.
A. Transmission Characteristics

It can be seen from Fig. 2(c) that the reflecfion coefficient‘of-the

€ - €. boundary surface is: e

roZe=Zpnbi o Toas
‘.+ ’- .‘.c ‘ bueN - ..-v . e - R L I SR ey .



The x direction guide wave should be a standing wave in the transverse (z)
direction; that is, it should be located in a transverse resonance condition.
At this time, if there is no a there still may be a b; therefore the

transverse resonance condltlon is: L
Z'.+Z -;o '. l - ‘Z..’-A.:: - - v : ~ (19)

e

Note that tze left side of (19) i8 a functlon of lk, hy means ot (17). {9) and

(10) it is possible to obtain this Xind of functl 1re1at1on.“
fk, )==0 ;‘ﬁ.?“;'.u.: .~:“3:té?%- (20)

The method of using (19) or (20} to solve fdr the structure s elgenValue
(t;ansm1551on characteristics) is called the transverse resonance technique
(TRT). Normally, the transmission characteristics are illustrated using a
chromatic dispersion graph; substituting k,-xeiﬁh. into (20} gives us the
needed chromatic dispersion equation:
fil€up=0 = % . (21)
‘ Examples of using a computer to solve (21), that is, to obtain the chromatic

dispersion graph for all kinds of structures, are provided in Section 3 below.

B. Plasma Tif Pattern

At this point we shall describe briefly the principle of the plasma
surface wave. We know that at microwave frequencies, surface waves do not
exist in the boundary surface between the metal conductor and the dielectric
(see Fig. 3[a]}. Nevertheless, under optical frequencies, the situation is
conmpletely different; as we said above, the metal conductor under optical
frequencies has a negative value € » (mEmetal). Based on the equivalent

network of Fig. 3(b), the resonance condition is:

. mz-..ﬂ( = 00t 4 T RS S
That is - . iékéﬁ%%’f"é TRIE
%3.2.-"3:3’.:9*;* S L E g guesEbmes - (22)
If a surface wave exists, it is necessary to make:
- ~ o al\$§~ Ce e
Kumsi Kda - nd L
K.=-j|K4 . - oL o (24)



Using (10), {23) and (24), we can obtain from (22), for a TE wave:

Ky + K. =0 (25)
and for a TM wave (using k, =€} h.') : '
__€.€s ‘
G'-H e~+es (lEnl>El) (25)

(25) has no non-zero solution, so it can be seén in advance that there cannot
exist any TE pattern surface wave on the boundaty'surface. (26) has a zero
solution, showing that on the boundary surface there exists a kind of TH
pattern surface wave. We call this a plasma surface wave, to 4distinguish it
from the ordinary dielectric boundary surface surface wave. (26) also
provides A simple and clear formula for calculating the equivalent dielectric

constant of the plasma surface wave, or the relative emission velocity.
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Fig. 3. Boundary surface hetween plasma and dielectric and its equivalent
netvwork.

C. Reflection Characteristics

By means of (18), (17), (9) and (10), it is possible in the same way to

find a formula expressing T as a functlon of kz

SUTCHNI -~

r=r<i) _ w“w‘.w“lwfiﬂf‘
However, k:=kosin @ = € U*kosln 8; thergfore S - ‘ -
F=T(8)=[r@) e . ¢
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That is, under conditions of the other parameters being fixed, the reflection
coefficient's pattern I} and the phase angle ¢> are both coefficients of the
angle of incidence ® . Currently, we are only interested in (T'i; therefore
we emphasiie IT(@ ). Using a computer to solve iormula (28), it is possible

to obtain the structure's reflection chatacteristiés (see Section 3 below).
D. Control of the Absorption Angle's Migration

If we cause variation in a given layer's dielectric constant €,, the
reflection coefficient IT(8)! should be the binary function of g and €.
Using € ; as the parameter controlling (T(8)}, it is possible to control the
variations of iTr{(8 )}, that is, to control the absorption angle's migration.
In this kind of control pattern, the use of manual calculation is extremely

complex and difficult; but using a computer model experiment makes it quite

simple; several results are provided in Section 3.

3. COKMPUTER MODEL EXPERIMENTAL RESULTS

*

A. Transmission Characteristics

Figure 4 shows three kinds of chromatic dispersion characteristics for
dielectric layer structures. The base of the structure is dielectric é's, and
the upper layer is air €a. It can be seen from the figure that the TE
pattern and the THM pattern appear separated, and do not intersect. For this
reason it is not possible to find a common relative speed or a common coupling
angle (an angle of incidence phase matched with the plane electromagnetic
wave). The cutoff phenomenon of the dlelectrlc vave guide )
(Eet+<€s) has a physical substance different from the metal tube wave guide;
it does not show that the electromagnetic wave is unable to be transm;;ted
forward, and to be reflected backward, but is radiated from the lower boundary
surface in a wave leakage style. When tr=0. SA, the TE pattern and ™ pattern
are both transmitted in a single pattern.



Calculation shows that the

chromatic dispersion curves of
dielectric structures with even
more layeré also have the TE and
TM patterns appearing at

a remove from each other and not
crossing over. Calculation also

shows that the small value virtual

portion of the dielectric constant

(by means of the microscale wear

factor) has very little effect on  pig. 4. The chromatic dispersion
characteristics of three kinds of

the chromatic dispersion . 3
dielectric structures.

characteristics.

[}

B. Plasma Surface Waves

Fig. 5 shows, on the basis of the structure in Fig. 4, that if a metal
substrate (plasma) is added below, in the same way, when tf=0.5Aor less, the

TM patterns increase by one. 1In

the chromatic dispersion graph, Py -
when ts—P0, the upper TM pattern ,,_\\\ ‘ J
clearly is a plasma surface l,P,,——:l“ D= N PY
pattern because the common surface q”;ap ,——/"/. J
pattern's € e:: may not be larger ,,,’/TE ‘-SE?%__. (eain”

—————— Ez= g ’l
than of ™H-—— SL:LL~_._£b

: Em=-160 Metal

é’f, no matter what the value of os; Y; rY I it o
ts. But when ts —» =, the lower TH L7

A

pattern is a plasma surface A .
Fig. 5. The chromatic dispersion

pattern, because, in accordance characteristics for three kinds of
with (26), at this time its . dielectric layer structure having a plasma

. ...  substrate.
€ e1122.41. When ts=the Jimiting .

value, it is not possible to call them pure plasma surface patterns or common

surface patterns; it is only possible to say that the two TM patterns are the

10



structure's eigen patterns (TM: and TMz). It can be seen from Fig. 5 that the
graphs of the TE pattern and the TM patterns can cross; this has the effect
that below. the same angle of incidence simultaneous coupling of the TE wave

and the TM wave becomes possible.

C. Reflection Characteristics, Absorption Angle Control, and Automatic
Switches '

Figure € and 7 show how the reflection coefficient of two kinds of

multiple layer structures v ‘s in relationship with the third layer's

Eam 4.0

€,=1.0 £, =2c024
Py —_— €:=30-50s2 £,=053
———— £y 13=0.5%

€4=-16.0-706

8

Fig. 6. Shifts in absorptioﬁ angle oi'l'iﬁﬁ&wto”hcwl“)»a“ri”&é?ﬁd'é'a (t1=0.002 X ).
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TE €2=3.0-5012 1,205
04t TM — e — €3 13=0.5A
' Eg=~16.0-j0.6
oz 2

\
v
V ‘
pp—————e

0 [ - e
‘ . / //

Fig. 7. Shifts in absorption angle owing to changes in € 3 (t1=0.028), ).

dielectric constant & 2; the difference between the two structures is only the
size of the air space t;; for the former, £1=0.002 A , while for the later
t1=0.028 A. From these two figures it is possible to see the follox;ing_ facts:
1) The absorption angles for all patterhs, regardlesh,of,whether they‘z;ar.e TE,
TM: or Tz, all increase with an increase in- & 3; 2) With identical
increases in € ;, there are differences in the size of the shift of all
patterns' absorption angle; the shift is fastest for the TM2z pattern, and

12



slowest for the TE pattern.

On the basis of the results shown in Fig. 6 and 7, by means of
adjustments to Eg, € e and t1, it is possible to calculate all kinds of
automatic self-protection switches. Based on ‘Fig. 6, we calculated two kinds
of switches; the reflection coefficients for these "Number 1" and "Number 2"
switches are shown in Fig. 8 and 9. For th: sake of comparison, Table 1 shows

their parameters and properties.

el
081
06 €. -/.0 1,20.002A
o4} TE €3 =3.0-3042 L2=05A
TM — —— €3=).25 {3=05A
‘ 02} €s=-160-j08
0 . N —
Iri

a:l TE N . .= 0.002
€,=30-30/2 {2052
a2l TH———— €3=2.75 1;=0.5A
68:"'/6-0‘,].0-8
o __ . .
‘00 ”. wt mo 0

Fig. 8. Reflection coefficient of Number 1 switch.
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&, ;/-0

_t, =0.002 A\

€:=3.0-30/2 1:=05A

; . Er=/25 L3=05A
02} Es=-160-71.6
1
i 0
¢rl
' 087 >
. N €, =70 t,=0002x
04! TE €r=30-3Q/2 1=0.5A
™™ —— — — E3=2.5 ty=0.5\
02} €g=-160-11.6
0 -l - * . .
40° 50 60 70 é

Fig. 9. Reflection coefficient of Number 2 switch.

Table 1. Parameters and properties of Number 1 and Number 2 switches.

15 g 2&

| (3) ; )

1 | 0.002% ©0.0024

€7 0.12 0.12

€% 0.8 0.8
AEs 1.5(1,25>2.75) 1.25(1.25>2.5)

&) ABAS w30 g
e (P ~1 4 ~L o

Key to Table 1. (1) Parameters and properties; (2) Nuhbér}

Number 2; (5) Angular shift 48 ; (6) Power ratio (mean).
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On the basis of Fig. 7, we calculated an additional two switches,
Number 3 and Number 4. Their reflection coefficients are shown in Figures 10

and 11, and their paranueters and properties are shown in table 2.

e -
a ;/“_ T o~ E,=4.0
.l N , €,=1.0 ,=0024 A
l TE — /,’ €3=3.0-30/2 13=05A
24 M N\ €:=125 =05A
el \ €s=-160-j08 )
0 . )
ey e
08
. eaz 4.0
06 €,=/.0 £,=0024)
04 €2=3.0-j0s2 =05\ :
) Ex=2.7% - L=05A
a2 55 =—/‘.0"j0-8 o
7 s0° EN. 2 - LA B

Fig. 10. Reflection coefficient of Number 3 switch.

- e
s s
———— ——

[T
048 — =4.0
s \\.\\\ € =/.0 £,=00/8A
. TE €4=3.0-3012 T,=05A
ot} €5=125 . L,=052
™ —— —— €s=-160-]08
2.2 }
0.0 : S ——
irf
038 | Ea=4.0
06+t E,=1.0 t,=0.0/8A
€2=3.0-30.02 l3=0.5A
04 | E3=2.5 13=0.5 A
02} Es=~-16.0-70.8
0.0 . : . .
40’ s0° : 6o’ , T’ o

Fig. 11. Reflection coefficient of Number 4 switch.
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Table 2. Parameters and properties of Number 3 and Number 4 switches.

\\\\?ﬁ ]
SN 38 g ‘5

2 ~ i
ks \\: 3) ; oY)
1 i 0.0241 | 0.0184
1 0.12 0.12
€ 0.8 0.8
A€, 1.5(1,25-»2,75) 1.25(1.25->2.5)
i
) ABA ~3° | ~2°
Tkt (Fi) ~1 ~l

Key to Table 1. (1) Parameters and properties; (2) Number; (3) Number 3; (&)
Nupber 4; (5) Angular shift A® ; (6) Power ratio (mean).

4. CONCLUSIONS

Theoretical study has shown that the use of a metal substrate is able to
ause multilayer dielectric structures to add a plasma TM pattern, and to
effect a crossing in the chromatic dispersion graph of the TM pattern and the
TE pattern, thereby solving the problems of simultaneous cressing and TE wave
and TH wave absorption. If one layer is a non-linear material, variations in
the incident light intensity are able to cause migration in the absorption
angle of all patterns; in addition, taking advantage of the fact that an
- "exact" plasma TH pattern absorption angle's migration is very rapid, and
using the approach of TM pattern jump/pattern absorption, it is possible:to
discover automatic self-protecting switches in which the TE and TH wa§e
absorption angles are able to coincide under conditions of strong and weak
light. e T
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